Abstract The immunity-related GTPases (IRGs) belong to the family of large, interferon-inducible GTPases and constitute a cell-autonomous resistance system essential for the control of vacuolar pathogens like Toxoplasma gondii in mice. Recent results demonstrated that numerous IRG members accumulate collaboratively at the parasitophorous vacuole of invading T. gondii leading to the destruction of the vacuole and the parasite and subsequent necrotic host cell death. Complex regulatory interactions between different IRG proteins are necessary for these processes. Disturbance of this finely balanced system, e.g., by single genetic deficiency for the important negative regulator Irgm1 or the autophagic regulator Atg5, leads to spontaneous activation of the effector IRG proteins when induced by IFNc. This activation has cytotoxic consequences resulting in a severe lymphopenia, macrophage defects, and failure of the adaptive immune system in Irgm1-deficient mice. However, alternative functions in phagosome maturation and induction of autophagy have been proposed for Irgm1. The IRG system has been studied primarily in mice, but IRG genes are present throughout the mammalian lineage. Interestingly, the number, type, and diversity of genes present differ greatly even between closely related species, probably reflecting intimate host-pathogen coevolution driven by an armed race between the IRG resistance proteins and pathogen virulence factors. IRG proteins are targets for polymorphic T. gondii virulence factors, and genetic variation in the IRG system between different mouse strains correlates with resistance and susceptibility to virulent T. gondii strains.
Introduction
The immunity-related GTPases (IRG proteins, formerly called p47 GTPases) were first described in the 1990s as genes strongly induced by infection via interferon gamma (IFNc) (and to a lesser extent by type I IFN) in mice (Boehm et al. 1998; Carlow et al. 1995; Gilly and Wall 1992; Lafuse et al. 1995; Sorace et al. 1995; Taylor et al. 1996) . Targeted deletions pioneered by Gregory Taylor established an essential function of the IRG proteins in early pathogen resistance (Collazo et al. 2001; Liesenfeld et al. unpublished data; Taylor et al. 2000) . These and subsequent studies implicated the IRGs in resistance against a wide variety of intracellular pathogens, including Toxoplasma gondii, Leishmania major, Trypanosoma cruzi, Chlamydia trachomatis, C. psittaci, Mycobacterium tuberculosis, M. avium, Salmonella typhimurium, Listeria monocytogenes, and Legionella pneumophila (Coers et al. 2008; Collazo et al. 2001; Feng et al. 2004; Henry et al. 2007 Henry et al. , 2009 Liesenfeld et al. unpublished data; MacMicking et al. 2003; Miyairi et al. 2007; Santiago et al. 2005; Taylor 2007; Taylor et al. 2000) . The proposed mechanisms of IRG-mediated resistance range from enhancement of phagosome maturation and induction of autophagy in mycobacterial immunity (Gutierrez et al. 2004; MacMicking et al. 2003 ) to destruction of pathogen-containing vacuoles and induction of host cell necrosis in immunity against T. gondii (Gutierrez et al. 2004; MacMicking et al. 2003; Martens et al. 2005; Zhao et al. 2009b) .
IRG proteins are large GTPases containing a Ras-like G domain and a helical domain combining N-and C-terminal elements (Ghosh et al. 2004) (Fig. 1) . Most of the IRG proteins possess the canonical and highly conserved GxxxxGKS/T P-loop sequence in the first nucleotidebinding motif (G1) and form the ''GKS'' subfamily (Bekpen et al. 2005; Boehm et al. 1998) . The GMS subfamily IRG proteins, however, contain the altered GxxxxGMS motif and other sequence features that distinguish them from the rest of the IRG family (Bekpen et al. 2005; Boehm et al. 1998) . In other GTPase families, mutation of the conserved G1 motif lysine results in impaired nucleotide binding (Pitossi et al. 1993; Sigal et al. 1986 ), but there is some evidence that the GMS proteins are able to bind guanine nucleotides despite their unusual G1 motif (Taylor et al. 1997) . The structure and biochemical properties of the only IRG protein that has been characterized in detail so far, the GKS subfamily member Irga6 (originally called IIGP1), are distinct from the small, Ras-like GTPases and reminiscent of the large dynamin-like GTPases (Uthaiah et al. 2003) . The latter group includes the other two large, interferon-inducible GTPase families implicated in host resistance against intracellular pathogens: the guanylate-binding proteins (GBPs or p65 GTPases) and the Mx proteins (Degrandi et al. 2007; Praefcke and McMahon 2004) .
Dynamin-like GTPases and Irga6 have micromolar nucleotide-binding affinities and undergo pronounced conformational changes upon GTP-dependent activation (Praefcke and McMahon 2004; Uthaiah et al. 2003) . No external GTPase-activating proteins (GAPs), which are essential for the activation of Ras-like GTPases (Boguski and McCormick 1993) , have been identified for any of the large GTPases. Instead these proteins self-activate by GTPdependent homo-oligomerization (Binns et al. 1999; Gao et al. 2010; Prakash et al. 2000; Tuma and Collins 1994; Uthaiah et al. 2003; Warnock et al. 1996) . In the case of Irga6, GTP-dependent homo-oligomers form in vitro via a G domain-G domain interaction involving the bound nucleotide and a second uncharacterized interface (Pawlowski et al. unpublished data) . In the absence of any evidence for GAP or GEF (guanine nucleotide exchange factor) proteins, the tendency to activate by oligomerization suggested that the IRGs would need a negative regulator that functions as a GDI (guanine nucleotide dissociation inhibitor) in vivo following IFNc induction but Fig. 1 Crystal structure of Irga6. GDP-bound Irga6 monomer (ribbon presentation) is shown with the G domain (S1-H5) colored in light blue and the N-and C-terminal helical regions colored in cyan (aA-aC) and dark blue (aF-aL). The linker helix aE connecting the G domain and C-terminal helical region is shown in gray. GDP and Mg 2? are shown as atomic stick figure and yellow sphere, respectively (reprinted from Ghosh et al. 2004 with permission from Elsevier) prior to infection. The detailed studies of the cell biology of the IRGs described in the next section revealed that this is indeed the case.
Cell biology and function
Since the early work on IRG proteins was focused on infection studies of mice deficient for individual IRG genes, the elucidation of the molecular mechanisms by which the IRG proteins mediate resistance was lagging behind and is still far from complete. The first crucial step was the discovery of the cell autonomous nature of the IRG resistance (Halonen et al. 2001; Henry et al. 2009; Konen-Waisman and Howard 2007; Martens et al. 2005) . Based on subsequent studies, three distinct models of IRG function have been proposed: (1) the destruction of pathogen-containing vacuoles by a joint action of at least seven, if not all, of the IRG proteins culminating in the destruction of the pathogen and necrotic host cell death Khaminets et al. 2010; Ling et al. 2006; Martens et al. 2005; Zhao et al. 2009b) ; (2) the enhancement of phagosome maturation by the IRG protein Irgm1 (LRG-47) (MacMicking et al. 2003) ; and (3) the induction of autophagy by IRG proteins (Gutierrez et al. 2004; Singh et al. 2006) . Though not necessarily mutually exclusive, these three models of IRG function raise some interesting controversies.
It is important at this stage to introduce the intracellular protozoan parasite T. gondii in more detail, since it features strongly in the rest of this review. A central point for the research we describe is that T. gondii is a natural and abundant parasite of wild mice. Thus, virulence and resistance phenomena analyzed in mice in vivo and in cellular systems in vitro reflect the adaptive behavior of a coevolving host-parasite system in a reasonably natural setting. The definitive hosts of T. gondii, in which the sexual cycle is completed, are members of the Felidae, the true cats. In much of the modern world, this effectively reduces to Felis catus, the domestic cat. Haploid products of meiosis are distributed in cat feces in environmentally stable oocysts in enormous numbers and are inadvertently ingested during foraging by mammals and birds belonging to a diverse range of species. In these warm-blooded hosts the oocysts rupture and release rapidly replicating tachyzoites that invade the intestinal mucosa. Tachyzoites can penetrate nucleated cells of all types by an active entry mechanism distinct from phagocytosis that results in the formation of a nonfusogenic intracellular vacuole, the parasitophorous vacuole (PV), surrounded by a lipid membrane (PVM) largely derived from the plasma membrane but modified by the addition of several proteins derived from secretory organelles of the parasite. After an initial phase of rapid intracellular replication and expansion as tachyzoites, the parasites migrate to muscle and the central nervous system where a life-cycle change to slowly replicating bradyzoites occurs. The bradyzoite-infected cells then form cysts that persist in a latent state, often for the life of the host. The life cycle is completed when the infected host is eaten by a cat. The cysts break down in the cat intestine and the enclosed bradyzoites penetrate feline intestinal mucosal cells and initiate gametogenesis. Most research on T. gondii has been conducted on the rapidly replicating tachyzoite phase because it is easy to maintain in in vitro mammalian cell culture. The processes of entry, PV formation, replication, and ultimate egress can all be studied in detail. This has provided the analytical systems in which IRG protein function can be studied.
The first model of IRG function is based on the extensive work that has been performed by several groups on IRG-mediated resistance against T. gondii. At least seven IRG proteins localize to the T. gondii-containing PV shortly after infection Khaminets et al. 2010; Lilue et al. unpublished data; Ling et al. 2006; Martens et al. 2005; Melzer et al. 2008; Zhao et al. 2009a ). The coating of PVs with IRG proteins is rapid (complete in less than 1 h), collaborative, and hierarchical, with Irgb6 (TGTP) and Irgb10 functioning as pioneers in the sense of loading first Khaminets et al. 2010) , and requires complex regulatory interactions between IRG family members Papic et al. 2008 ). In the IFN-induced, uninfected cell, GKS IRG proteins are kept in the inactive state via GDP-dependent interaction with the negative regulatory GMS IRG proteins Irgm1, Irgm2 (GTPI), and Irgm3 (IGTP) . The GMS proteins hereby function as guanine nucleotide dissociation inhibitors (GDIs) for the GKS proteins. Upon infection with T. gondii and other vacuolar pathogens [like Chlamydia trachomatis (Coers et al. 2008) ], GKS proteins lose their interaction with the GMS proteins and accumulate at the PVM in the active GTP-bound state Papic et al. 2008) . This leads to vesiculation and rupture of the PV, death of the parasite (Ling et al. 2006; Martens et al. 2005; Melzer et al. 2008) , and subsequent necrotic host cell death (Zhao et al. 2009b) (Fig. 2) . The molecular mechanisms of these processes are still poorly understood, but an extraction of lipid from the PVM via dynamin-like vesiculation (Bashkirov et al. 2008; Pucadyil and Schmid 2008; Sweitzer and Hinshaw 1998) leading to increased tension in the membrane and ultimate rupture is plausible. This notion is consistent with the observation that the vacuoles and enclosed T. gondii tend to round up before rupture, that rupture occurs only at one place, and that immediately after rupture the previously enclosed T. gondii resumes its banana shape (Zhao et al. 2009b) . When the regulatory balance of IRG proteins is disturbed, e.g., by absence of the negative regulator Irgm1 (discussed in detail in Hunn and Howard 2010) , the IRG effector proteins activate prematurely and form aggregates that are toxic for cells. Under these circumstances the vacuolar localization of IRG proteins is impaired and the IRG resistance system fails (Henry et al. 2009; Khaminets et al. 2010; Zhao et al. 2008 ) (Könen-Waisman and Taylor, unpublished data).
T. gondii strains exhibit pronounced virulence differences in mice. A single parasite of a virulent type I strain can kill a mouse while several orders of magnitude higher doses of avirulent type II or III stains are tolerated (and lead to chronic infection) (Araujo et al. 1976; Boothroyd and Grigg 2002; Howe and Sibley 1995) . These virulence differences are reflected in the IFNc-induced cell-autonomous resistance in vitro (Khaminets et al. 2010; Zhao et al. 2009c ). The replication of avirulent strains is strongly inhibited by IFNc, while type I strains are markedly less affected. This deficiency in IFNc-mediated control is associated with a striking failure of IRG proteins to accumulate on the PVM (Khaminets et al. 2010; Zhao et al. 2009a, c) . This is at least in part due to the polymorphic kinase ROP18 , secreted from the rhoptry secretory organelles of virulent T. gondii strains, which phosphorylates the GKS IRG proteins Irga6, Irgb6, and Irgb10 (Steinfeldt et al. unpublished data; Fentress et al. unpublished data) . For Irga6, it has been shown that the phosphorylation is at two threonine residues in the P loop of the nucleotide binding site, thereby inactivating the protein and reducing vacuolar loading. Thus, virulence correlates with the ability to inactivate the IRG effector proteins efficiently.
A similar correlation of pathogen virulence with the ability to counteract the IRG resistance system in mice was observed for the Gram-negative bacterium Chlamydia. Vacuoles (termed inclusions) containing the human pathogenic strain C. trachomatis accumulate multiple IRG proteins and are destroyed, while the mouse pathogenic strain C. muridarum inclusions are not targeted by the IRG proteins and are not controlled by IFNc (Al-Zeer et al. 2009; Coers et al. 2008) . The virulence determinant of C. muridarum that counteracts the IRG system and its mechanism of action remains to be identified.
The second model of IRG function relies on the observed phagosomal localization of Irgm1 (Martens et al. Fig. 2 Irga6 PV localization, rupture, and necrosis. Host cells die after disruption of the PVM and death of the T. gondii. Mouse embryonic fibroblasts were treated with 200 U/ml IFNc and cotransfected with Irga6-ctag1-EGFP and pDsRed constructs for 24 h. Cells were then infected with ME49 strain T. gondii at multiplicities of infection between 5 and 10 for 1 h and observed microscopically by time-lapse photography with 5-min intervals. Three PVs were observed within this cell when the experiment started and selected frames are shown. Two Irga6-ctag1-EGFP-positive PVMs were disrupted (arrows) and the respective parasites became permeable to mDsRed (arrowheads). At 2:30 after infection, the mDsRed signal suddenly disappeared from the host cell accompanied by a drastic change in host cell morphology shown in phase-contrast images. Scale bar = 10 lm (1:10: time in h:min) (adapted from Zhao et al. 2009b) 2004). Phagosome maturation is delayed in Irgm1-deficient macrophages and correlates with the loss of control of Mycobacterium tuberculosis in vivo and in vitro, while Irgm3 and Irgd deficiency cause no such defect (Feng et al. 2008a; MacMicking et al. 2003 ). However, two recent studies demonstrated that Irgm1-deficient macrophages display profound generalized cellular defects (Henry et al. 2009 (Henry et al. , 2010 ) that may be due to the formation of toxic aggregates of GKS effector IRG proteins in the absence of the important negative regulator, Irgm1. In line with this, the cellular defects as well as the loss of resistance against Mycobacteria revert to normal in Irgm1/Irgm3 doubledeficient cells accompanied by much reduced expression levels of the GKS proteins (Feng, Taylor and Sher unpublished data; Henry et al. 2009 ). Thus, it seems unlikely that the delay in phagosome maturation observed in Irgm1-deficient cells is directly linked to a specific function of Irgm1 in this process (for detailed discussion see Hunn and Howard 2010) .
The third model, the induction of autophagy by the IRG protein Irgm1 causing pathogen death and destruction (Gutierrez et al. 2004; Singh et al. 2006 ), needs to be reevaluated for the same reasons. In macrophages, expression of Irgm1 was reported to induce, and RNAi-mediated knockdown to reduce, autophagosome formation (Gutierrez et al. 2004; Singh et al. 2006) . In contrast, absence of Irgm1 resulted in autophagosome formation in activated, IFNc-induced CD4
? T cells (Feng et al. 2008b ). These cell-type-specific differences in the effects of Irgm1 on autophagy remain to be explained. Interestingly, there is further evidence for marked cell-type-specific differences: while induction of autophagic killing of pathogens has been linked to Irgm1 repeatedly in macrophages (Gutierrez et al. 2004; Singh et al. 2006 ), this could not be observed in astrocytes or fibroblasts (Halonen 2009; Ling et al. 2006; Martens et al. 2005; Zhao et al. 2008 ). However, autophagy may contribute somewhat to the clearance of dead pathogens in these cells. Given the absence of Irgm1-induced macroautophagy from all analyzed cell types other than macrophages, it is conceivable that autophagy induction in the context of an IRG-driven resistance is a mechanism confined to specialized phagocytes, perhaps favoring efficient antigen presentation (Bougneres et al. 2009; Halonen 2009 ). It is likely that this functions downstream of or in parallel with the IRG-induced pathogen death described by the first model. Strikingly, the IFNc-mediated control of T. gondii and C. trachomatis replication is lost in cells deficient for the autophagic regulator Atg5 (Al-Zeer et al. 2009; KonenWaisman and Howard 2007) and the IRG proteins fail to target the PVM of infecting avirulent parasites (Khaminets et al. 2010; Zhao et al. 2008) . It has been suggested that Atg5 is necessary for the trafficking of IRG proteins to the vacuole (Zhao et al. 2008) . However, the absence of Atg5 leads to premature activation of the IRG effector proteins in the cytoplasm by an unknown mechanism (Khaminets et al. 2010 ) similar to what was observed in Irgm1-deficient cells (Henry et al. 2009 ). This activation by itself is sufficient to explain the striking failure of the proteins to translocate to the PVM.
Furthermore, it remains to be clarified whether autophagy in the context of a certain infection is indeed a cellautonomous resistance mechanism or whether it serves as a disposal system to clear pathogens killed by another resistance mechanism (as discussed in Halonen 2009; Ling et al. 2006; Martens et al. 2005) . Recently, it even has been suggested that induction of autophagy by T. gondii in infected host cells promotes parasite growth by supplying nutrients to the parasite (Orlofsky 2009; Wang et al. 2009 ). Thus, the role of autophagy in this infection is far from clear and deserves further investigation.
Mechanisms of IRG protein action in vivo are considered in more detail in the next section.
In vivo role of IRG proteins in host defense and autoimmunity
As noted above, the function of the IRG proteins in host resistance in vivo was not formally established until mice in which Irgm1, Irgm3, Irgd, and Irga6 had been genetically deleted became available. Taylor et al. (2000) first showed that Irgm3 knockout mice are significantly more susceptible to T. gondii infection than their wild-type counterparts. Since then, IRG-deficient animals have been tested with a variety of experimental protozoan, bacterial, and viral infections that require IFNc signaling for host resistance (Table 1) . While displaying normal resistance to certain viral infections, IRG knockout mice were shown to display dramatic geneand pathogen-specific differences in susceptibility to intracellular bacterial and parasitic pathogens. For example, Irgm3-deficient mice showed increased susceptibility to T. gondii (Taylor et al. 2000) but normal resistance to T. cruzi, Salmonella, and mycobacterial infection. In contrast, Irgm1-deficient mice are highly susceptible to all intracellular bacteria and protozoa that have been examined to date, demonstrating a functional distinction between these two IRG proteins in host defense.
Because Irgm1 and Irgm3 enhance intracellular parasitic and bacterial killing by promoting phagolysosomal maturation and autophagy in vitro (Gutierrez et al. 2004; Ling et al. 2006; MacMicking et al. 2003; Singh et al. 2006 ), these GTPases were originally proposed to be microbicidal effector molecules that are complementary to the activity of nitric oxide in IFNc-activated macrophages, although, as R resistant; S susceptible; ND not determined; wt wild type C57Bl/6 mice; strain diff resistance differences between mouse strains due to IRGs; m1 = Irgm1; m2 = Irgm2; m3 = Irgm3; a6 = Irga6; b6 = Irgb6; d = Irgd; m1/3 = Irgm1/Irgm3
Cell-autonomous effects were shown in either knockout (ko) cells, in knockdown, or overexpression studies discussed above, this is an oversimplified view of the actual mechanisms involved. Moreover, from an in vivo perspective, it is now clear that the increased susceptibility to infection seen in Irgm1-deficient mice may stem in part from effects on the host immune system distinct from the proposed role of the gene in pathogen killing. Thus, in the case of persistent M. avium ) and T. cruzi (Santiago et al. 2005) infections, Irgm1 -/-mice were found to develop a profound pancytopenia associated with impaired expansion of hematopoietic stem and progenitor cell populations (Feng et al. 2008a) . These global defects could result in compromised host resistance due to impaired generation or survival of host immune effector cells.
Focusing on mature CD4 ? T cells in the Th1 response to infection, it was found that Irgm1 is critical for the survival of mature lymphocytes since in the absence of Irgm1, IFNc induced death of these cells. Moreover, the reduction in lymphocytes and increased mortality previously observed in M. avium-infected Irgm1 -/-animals was completely abrogated in Irgm1 -/-Ifng -/-mice (Feng et al. 2008b ). Independently, Taylor's group also discovered that the defective bacterial control and granulomatous response displayed by S. typhimurium-infected Irgm1 -/-mice is reversed in Irgm1 -/-Irgm3 -/-animals (Henry et al. 2009 ). Recent studies have revealed that both the hematopoietic and host-resistance defects of M. avium-infected Irgm1 knockout mice are rescued in Irgm1 -/-Irgm3 -/-mice (Feng et al. unpublished data) . Together, these in vivo observations reveal a regulatory function for Irgm1 in the IFNc-dependent host response to chronic bacterial infection and argue that in the absence of Irgm1, dysregulated cellular responses, rather than defective effector cell function, are sufficient to explain impairment in host resistance observed in vivo. Whether this involves the negative regulation by Irgm1 of other IRG members, as proposed from the cell biological studies described above (Hunn and Howard 2010; Hunn et al. 2008 ), remains to be investigated.
A role for IRG function in host resistance and disease in humans has been inferred from forward genetic studies. As discussed below, only one IRG homolog, IRGM, is present in the human genome and expressed outside the germline. Furthermore, IRGM is severely truncated compared with a typical IRG gene product (Bekpen et al. 2005) . However, based on in vitro studies, this protein has been proposed to participate in antibacterial microbicidal function (Singh et al. 2006) . In 2007, two single nucleotide polymorphism (SNP)-based, genome-wide association studies independently demonstrated strong association signals linking IRGM to Crohn's disease (CD) susceptibility (Consortium WTCC 2007; Parkes et al. 2007 ). Since then, numerous follow-up studies, including a recent genome-wide association study of copy number variants (Craddock et al. 2010) , have confirmed the genetic association of IRGM variants with CD. In addition, two recent reports have described significant associations between IRGM SNP and tuberculosis (Che et al. 2010; Intemann et al. 2009 ). The mechanisms underlying this genetic association with IRGM and disease susceptibility have yet to be defined. In the case of CD, other genetic loci involved in autophagy [e.g., Atg16L1 (Cadwell et al. 2008; Consortium WTCC 2007) ] have been linked to disease expression and therefore it is possible that IRGM may exert its function through this mechanism (McCarroll et al. 2008) . Intestinal bacteria are thought to play a major role in the pathogenesis of CD, and mutations in IRGM that lead to defective autophagic elimination of intracellular bacteria could provide an explanation for the observed genetic findings, although as discussed below controversy still surrounds the issue of whether human IRGM, although homologous to the three mouse GMS proteins, is a functional protein.
Evolution of the IRGs
The first detailed genomic analysis of IRG genes was performed in inbred laboratory mice. Altogether there are 21 IRG genes in the C57/BL6 mouse (Bekpen et al. 2005) . Seventeen genes possess the typical structure for IRG genes: one long coding exon containing the whole open reading frame (ORF) of roughly 1.2-kb length with one or two noncoding 5 0 exons. These classical IRG genes encode proteins of 410-420 amino acids and 47-kDa molecular weight. The remaining four genes are head-to-tail arrangements of two classical ORFs transcribed in tandem and encoding proteins consisting of two IRG units with a total protein molecular weight of around 94 kDa (Bekpen et al. 2005; Lilue et al. unpublished data) . Most IRG genes in mice possess promoters with classical ISRE and GAS elements and are strongly inducible by IFNc from low or undetectable resting levels. Exceptions from this paradigm are Irgc, which is expressed exclusively in the testis and is not IFNc-inducible (Bekpen et al. 2005; Rohde et al. unpublished data) , and Irga6, which in addition to a classical IFNc-inducible promoter has a separate liver-specific promoter subtending a dedicated liver-specific 5 0 -untranslated exon (Zeng et al. 2009 ). In silico analyses suggest that there might also be a liver-specific alternative promoter in Irgd, though experimental evidence is lacking.
The IRG family evolves at a rate probably unprecedented in the GTPase superfamily. Even compared with two other families of IFN-inducible, large GTPases, i.e., the IFNcinducible GBPs and the type I IFN-inducible Mx proteins, the IRG genes and proteins show much higher sequence diversity both within and between species (Degrandi et al. 2007; Hunn unpublished data) . Thus, the branch lengths separating individual members of the mouse IRG family are longer than the branch lengths between mouse and human members of the GBP or Mx family (Fig. 3) . During the evolutionary divergence between mammalian species, IRG genes have rapidly lost their individual identities. Thus, the IRGB subfamily of GKS genes on mouse chromosome 11 can still be identified with a syntenic group of IRGB genes on rat chromosome 10, but most of the individual genes are no longer identifiable (Bekpen and Hunn unpublished data) . The three mouse genes of the more slowly evolving GMS subfamily are individually identifiable in the rat but orthology with the three GMS proteins of the dog is not apparent (Bekpen et al. 2005) . The only exception is the non-IFN-inducible, testis-expressed Irgc gene, which is highly conserved between human and mouse (Bekpen et al. 2005; Boehm et al. 1998) .
Phylogenetic analyses revealed that multiple diverse IRG genes are present throughout the mammals and in Fig. 3 Phylogenetic tree of human and mouse IFN-inducible GTPases. Neighbor-joining consensus bootstrapped tree (100 replicates) based on a ClustalW protein alignment of full-length IFN-inducible GTPases manually fixed on the nucleotide-binding motifs (left: unrooted; right: rooted). Known pseudogenes were excluded from the analysis. The phylogenetic analysis was performed applying the JTT ? I ? G amino acid replacement matrix (Jones et al. 1992 ). This tree allows the comparison of the diversity occurring within the individual GTPase families. Note that the apparent distance of the three GTPase families from each other is slightly distorted due to the different lengths of the sequences. Also note that MM Gbp8 lacks exon 6 (82 amino acids). MM: Mus musculus (C57BL/6); HS: Homo sapiens. Bootstrap values are given on the branches of the unrooted tree reptiles, amphibians, fish, and cephalochordates, while no convincing homologs were detected in invertebrates (Bekpen et al. 2005; Hunn unpublished data; Li et al. 2009 ). Possibly related genes found in Cyanobacteria may suggest that IRG genes were acquired by a filter-feeding vertebrate ancestor by horizontal gene transfer (Bekpen et al. 2005) .
Interestingly, the IRG resistance system also seems to have been repeatedly lost during evolution: To date, no IRG genes have been detected in any of the available bird genomes (chicken, zebra finch, duck, and turkey; Hunn unpublished data) and the number of IRG genes present in humans is strikingly reduced (Bekpen et al. 2005 (Bekpen et al. , 2009 ). The remaining two IRG genes, IRGC and IRGM, lack GAS and ISRE elements in their promoters, are not IFN-inducible, and may not possess immune function. Like its mouse homolog, human IRGC is expressed exclusively in the testis (Bekpen et al. 2005) . Human IRGM is homologous to the three mouse GMS proteins. However, it is severely truncated relative to these and lacks the whole N-and C-terminal domains as well as part of the G domain. Nevertheless, the genetic association of IRGM with Crohn's disease in humans described above could reflect some immune function of human IRGM. All anthropoids (Simiiformes), including chimp, gorilla, orangutan, macaque, and marmoset, possess only this reduced set of IRG genes (Bekpen et al. 2009; Hunn unpublished data) . Apparently, the IRGM ORF was disrupted by an Alu retroposition event in the anthropoid common ancestor and is a pseudogene in both the New World monkeys (Platyrrhini) and the Old World monkeys (Cercopithecidae) (Bekpen et al. 2009) . A common ancestor of the apes (Humanoidae), however, acquired a functional promoter driving constitutive expression by insertion of an endogenous retrovirus. This insertion altered the transcription initiation, splicing, and expression profile resulting in ''resurrection'' of a protein-coding IRGM gene, albeit in a truncated form (Bekpen et al. 2005 (Bekpen et al. , 2009 .
In contrast to the anthropoids, the lower primates, like most mammals, contain a diverse set of immune-type IRG GTPases (Bekpen et al. 2009; Hunn unpublished data) . Thus, the resistance IRGs must have been lost between the divide of the Haplorrhini (tarsier and anthropoids) and the Strepsirrhini (loris and lemurs) perhaps 60 million years ago and the division of the Hominoidae and the Old World monkeys (Cercopithecidae) from the New World monkeys (Platyrrhini) 30-40 million years ago (Bekpen et al. 2009; Hunn unpublished data) .
Most other mammalian species analyzed possess a diverse set of ''immune-type'' IRG genes, but so far GMS proteins have been detected only in eutherian mammals (Hunn unpublished data) . This opens up the questions of whether the complex regulatory interactions that drive the IRG resistance system in mice are a mammalian invention and whether the IRG systems in the other vertebrates and in the cephalochordates are regulated differently. This question of how negative regulation is achieved is a key issue for all large, self-activating GTPases like dynamin, Mx proteins, and GBPs and is an issue that remains largely unresolved for these proteins.
Host-pathogen coevolution
Research on Chlamydia and our own recent analyses on T. gondii resistance indicate that there is a correlation between pathogen virulence and the presence of a certain set of IRG proteins (Bernstein-Hanley et al. 2006; Coers et al. 2008 ; Lilue et al unpublished data; Steinfeldt et al unpublished data). The important work of Coers et al. 2008 on the IFNc-dependent control of C. trachomatis revealed that the genetic susceptibility of C3H/HeJ inbred mice depends on a sequence polymorphism upstream of the Irgb10 gene, leading to a barely detectable expression of the protein (Bernstein-Hanley et al. 2006) . Furthermore, the IRG system efficiently controls the human pathogenic strain C. trachomatis, while the mouse pathogenic strain C. muridarum efficiently counteracts the IRG system and replicates freely (Al-Zeer et al. 2009; Coers et al. 2008) . Similarly, the IRG system efficiently controls avirulent but not virulent T. gondii strains (see above) (Khaminets et al. 2010; Zhao et al. 2009a, c) . Further analysis has provided evidence for polymorphisms in IRG genes in laboratory strains of Mus musculus and in wild and wild-derived inbred mice from diverse sources (Lilue et al. unpublished data) . This polymorphism in components of the IRG resistance system may result in differential resistance to individual parasite strains. Sterile immunity of the inbred Lewis rat strain against T. gondii has been reported (Cavailles et al. 2006) . The causative polymorphic locus has not yet been identified but is linked to the IRG system on chromosome 10. Taken together, the data suggest that diversity in the IRG genes might be driven by allele-specific host-pathogen interactions. Recently, the virulent allelic product of the polymorphic rhoptry kinase ROP18 (Khan et al. 2009 ), known to contribute to the virulence of type I T. gondii strains for mice , has been shown to phosphorylate and inactivate certain IRG proteins at the T. gondii PV in C57BL/6 strain mice (Fentress et al. unpublished data; Steinfeldt et al. unpublished data) . Such action by polymorphic parasite virulence factors could contribute to polymorphism in the host repertoire of IRG resistance.
Conclusion
The IRG system is a powerful resistance mechanism in mammals against certain intracellular pathogens.
Nevertheless, the function of the IRG system can apparently be dispensed with, as in the last stages of the human evolutionary lineage, and apparently also in birds. There is much work to be done to define the mode of action of the IRG proteins in any pathogen-resistance system. An obvious issue is whether the mechanism of action is the same for such different pathogens as Chlamydia and Toxoplasma. The IRG system appears to be especially highly developed in the mouse and probably also in other small rodents. There is striking evidence for polymorphism of ROP18 (Khan et al. 2009 ) and other putative virulence factors among wild T. gondii strains and a complex population structure worldwide (Boyle et al. 2006; Khan et al. 2007; Sibley and Ajioka 2008) , suggesting that the fitness of specific T. gondii genotypes has been changing in recent times, perhaps through the increasing importance of the domestic cat as a definitive host and typical cat prey such as Mus musculus as the intermediate hosts of choice. Since IRG proteins are almost certainly under ongoing selection from T. gondii in wild mice, the relative clarity of the system lends itself to a detailed analysis of recent evolution in a well-defined hostpathogen system in mammals.
